????????? ????????? ?????? ???????????? ???????????? ??? ?????? ???????????? by Park, Woojin
 
 
저 시-비 리- 경 지 2.0 한민  
는 아래  조건  르는 경 에 한하여 게 
l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  
다 과 같  조건  라야 합니다: 
l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  
l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  
저 에 른  리는  내 에 하여 향  지 않습니다. 




저 시. 하는 원저 를 시하여야 합니다. 
비 리. 하는  저 물  리 목적  할 수 없습니다. 
경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 
 
Asynchronous Multiple-Access for Low-Latency 
































For fullling the requirements of real-time communications, wireless communication system
has to have ultra-low latency performance, namely latency less than 1ms. However, current
cellular network with synchronous multiple-access, such as Long-Term Evolution(LTE), has
fundamental limits to accomplish the requirement.
In this thesis, asynchronous multiple-access, and related waveform, generalized frequency
division multiplexing(GFDM), are studied as one of the alternatives. In the numerical analysis,
GFDM and conventional modulation methods, such as single carrier frequency-division multiple-
access(SC-FDMA) and orthogonal frequency-division multiplexing(OFDM) modulations, are
compared in the asynchronous uplink multiple-access environment with both link-level simu-
lation(LLS) and system-level simulation(SLS). In the comparison, GFDM shows greater per-
formance in the high signal-to-noise ratio(SNR) regime due to the better out-of-band emission




2 Asynchronous uplink multiple-access and waveforms 6
2.1 Asynchronous multiple-access . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 The OFDM and SC-FDMA waveforms . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 The GFDM waveform . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 Out-of-band emission analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3 Simulation with AWGN channel. 12
3.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2 Interference calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.3 Throughput calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.4 Numerical results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4 Simulation with frequency selective channel. 17
4.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.2 Spectral eciency calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.3 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
5 System-Level Simulation 24
5.1 System model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.1.1 BS & UE Dropping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.1.2 Transceiver Structure & Channel Generation . . . . . . . . . . . . . . . . . . 25
5.2 Uplink Resource Allocation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.2.1 Max SNR per small cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.2.2 Max updating SINR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.3 Interference Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.4 Spectral Eciency Calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28




1 Signal transmission in asynchronous multiple-access. . . . . . . . . . . . . . . . . . . 6
2 One OFDM symbol block in time-domain. . . . . . . . . . . . . . . . . . . . . . . . 7
3 One GFDM symbol block in time-domain. . . . . . . . . . . . . . . . . . . . . . . . 8
4 Out-of-band emission of OFDM/SC-FDMA and GFDM.. . . . . . . . . . . . . . . . 11
5 Inter-user interference by out-of-band emission in asynchronous multiple-access. Power
spectral density of GFDM with 4 subcarriers, 3 GFDM subsymbols, and 7 guard sub-
carriers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
6 Nodes in asynchronous multiple-access. . . . . . . . . . . . . . . . . . . . . . . . . . . 12
7 Block diagram of SC-FDMA/GFDMmodulation transceiver in asynchronous multiple-
access in AWGN channel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
8 Sum-rates vs. signal-to-noise ratio(SNR) with 12 subcarriers, 2 guard subcarriers,
and 6 users for SNR intervals: (a) 0dB to 70dB and (b) 0dB to 18dB. . . . . . . . . 16
9 Sum-rates vs. number of subcarriers with 12dB of signal-to-noise ratio and 12 users. 17
10 (a)The block diagram of transceiver in frequency selective channel. (b)The block
diagram on inter-user interference generation. . . . . . . . . . . . . . . . . . . . . . . 18
11 The spectral eciency vs. signal-to-noise ratio(SNR) with (a) 1 guard subcarriers,
and (b) 6 guard subcarriers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
12 The spectral eciency vs. proportion of guard subcarriers where signal to noise ratio
is 20dB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
13 Macro cells and node dropping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
14 Block diagram of GFDM tranceiver for system-level simulation. . . . . . . . . . . . 25
15 Spectral eciency of GFDM and OFDM using two resource allocation scheme. . . . 30
2
List of Tables
1 Window functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2 Parameters of simulation on AWGN . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3 Parameters of simulation on frequency selective channel . . . . . . . . . . . . . . . . 22
4 Parameters of system-level simulation . . . . . . . . . . . . . . . . . . . . . . . . . . 29




AWGN additive white Gaussian noise
BER bit error rate
BS base station
ERC extended raised cosine
GFDM generalized frequency division multiplexing
i.i.d. independent and identically distributed
IFT inverse Fourier transform
ITU-R The International Telocommunication Union - recommendation section
LLS link-level simulation
LTE Long-Term Evolution
OFDM orthogonal frequency-division multiplexing
OFDMA orthogonal freuqency-division multiple-access
OOBE out-of-band emission
PSD power spectral density
QAM quadrature amplitude modulation symbol
RB resource block
RC raised cosine








One of the prominent contents in the fth generation(5G) wireless communication is real-time
applications, such as streaming gaming, tactile internet, remote surgery, and augmented reality
[14, 13, 10]. For these applications to become feasible, the wireless communication system has to
satisfy highly-demanding requirements on ultra-low latency. The International Telecommunication
Union recommendation section(ITU-R) suggests that the latency on the physical layer of the 5G
network should be less than 1ms [6, 1].
However, current cellular network, Long-Term Evolution(LTE), has excessive delay, hence cannot
follow the recommendation. For example, in the LTE system, the minimum transmittable unit of
signal is set to be 1ms, which implies the processing on the unit may yield further delay. For another
example, the uplink transmission in LTE requires at least 8ms from the scheduling request to data
transmission [9, 5, 8].
To overcome fundamental delay limit in synchronous multiple-access, an asynchronous approach
for the 5G mobile communications uplink has been discussed [14, 18]. However, asynchronous
multiple-access has its decit in that the adjacent sub-bands can be interfered by the out-of-band
emission (OOBE) Thus, the key criterion of the waveforms for asynchronous multiple-access is low
OOBE appearance [23, 21, 19].
One of the prospective modulation methods is generalized frequency division multiplexing(GFDM).
The concept of GFDM was rst introduced in [12]. The bit error rate(BER) performance is pre-
sented in [24, 19], in particular, OOBE performance is discussed in [19]. In [15], the low-complexity
transceiver structure is introduced and the comprehensive explanation about GFDM is collected in
[25].
In this thesis, asynchronous multiple-access and GFDM modulation is introduced, then numeri-
cal analysis on comparison between GFDM and conventional modulation methods are compared in
asynchronous multiple-access with three dierent simulation models. In the Sections 3 and 4, the
GFDM modulation performance is numerically measured in asynchronous multiple-access environ-
ment with two link-level simulation(LLS): simulation with additive white Gaussian noise(AWGN)
channel and frequency selective channel. The achievable sum-rate or spectral eciency of GFDM
modulation and single carrier frequency-division multiple-access(SC-FDMA) modulation are com-
pared.In the section 5, GFDM and orthogonal frequency-division multiplexing(OFDM) are numeri-
cally analyzed by system-level simulation(SLS) where the asynchronous uplink multiple-access and
the small cell scenario are assumed.
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Figure 1: Signal transmission in asynchronous multiple-access.
2 Asynchronous uplink multiple-access and waveforms
2.1 Asynchronous multiple-access
In the asynchronous multiple-access scheme in this thesis, a user equipment(UE) transmits signal
to the base station(BS) via a sub-band without synchronization among the signals via the other
sub-bands. Transmission of signals in asynchronous multiple-access is illustrated in gure 1. In
gure 1, u represents index of a user, hence signal from user u is denoted by s(u)(t). The signals
from dierent UE is asynchronously transmitted with time oset, Θ(u) , which is explained in 2.2.
When there exist data to transmit in the UE, the prompt transmission reduces latency compared
to synchronous multiple-access by following reasons. First, signals in the asynchronous multiple-
access scheme does not have to wait the time slot for synchronization of the data for transmission.
The waiting delay can be also reduced in synchronous multiple-access, but it requires the shortening
of the transmit-time-interval(TTI).
Second, user scheduling process is skipped on the asynchronous multiple-access scheme. Current
LTE system requires more than 8ms of duration on the scheduling process. Although the scheduling
delay might be reduced by shortened TTI, there still exist processing delay for resource allocation
at BS side. On the other hand, the transmission without user scheduling in synchronous multiple-
access is hard to be implemented since timing advance on the scheduling process can not exploited.
The asynchronous multiple-access scheme reduces this user scheduling delay.
In the asynchronous multiple-access scheme, the orthogonality of subcarriers of multiple UE's
signals is not preserved whereas synchronous multiple-access such as orthogonal frequency-division
multiple-access(OFDMA) exploits the orthogonality for high throughput. Therefore the low OOBE
is important to reduce the interference due to the non-orthogonality among sub-bands.
GFDM signal is a waveform having lower OOBE than conventional multi-carrier modulated
signals such as OFDM and SC-FDMA signals. In the following subsections, conventional waveforms
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Figure 2: One OFDM symbol block in time-domain.
and GFDM waveform are introduced and compared.
2.2 The OFDM and SC-FDMA waveforms
The continuous-time signal of OFDM is generated by mapping of symbols on subcarriers. On the
base-band representation, a subcarrier shaped as the Dirac delta function δ(f − f ′) in frequency-
domain is equivalent to the innite length of time-domain signal shaped as ej2πf
′t where j =
√
−1, f
is the frequency-domain variable, f ′ is the frequency shift of the subcarrier, and t is the time-domain
variable. Since the OFDM signals have to deliver dierent symbols in dierent time invervals, the
complex periodic signal is truncated by limited-time window function w(t) [30, 11, 17]. The detailed
description about the window function, w(t) , shall be explained in the Section 2.3
Let Tfft, TCP , and Tw denote the time duration of one period of the sinusoidal signal drawn by
fundamental frequency of subcarrier frequencies, the time duration of CP, and the time extension
by the extended-raised-cosine(ERC) window respectively as illustrated in gure 2. The sum, the
time duration for a symbol block Tb, is calculated as Tb = Tfft + TCP + Tw on OFDM signal.
Assume that there exist multiple non-overlapping OFDM symbol blocks in time-domain, then a
symbol block indicated by time-domain index l, ∈ Z where Z represents the set of all integers, and
a ∗ b represents continuous convolution operation between a and b. The base-band continuous-time
























(t−lTb−Θ(u)) · w(t− lTb −Θ(u)), (2)
where K(u) represents the set of indices of subcarriers which are allocated to user u, k is the
subcarrier index, dl,k represents unit power quadrature amplitude modulation(QAM) symbol on
subcarrier k in the symbol block l, PTx represents per-symbol transmit power, and Θ(u) , ∈ [0, Tb),
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Figure 3: One GFDM symbol block in time-domain.
represents the oset of the starting point of the data, or non-CP, part of the u-th symbol block as
described in gure 1. That is, if l = 0, the starting point of the non-CP part is calibrated at Θ(u)
for user u; the gure 2 shows the 0-th OFDM symbol block where Θ(0) = 0. Here, K(u) is composed
with consecutive K indices indicating consecutive subcarriers in frequency-domain, which means
the subcarriers are clustered within a band. Note that the carrier spacing is determined as 1/Tfft.
The l-th SC-FDMA signal1 symbol for u-th user, s(u)l,SC−FDMA(t), is generated in the similar
method to the OFDM signal, but symbols for mapping on the subcarriers are the output of DFT














]T , where k(u)min and k
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represent the minimum and the maximum subcarrier indices in K(u) respectively, and the operation













(t−lTb−Θ(u)) · w(t− lTb −Θ(u)), (3)
where DK , ∈ CK×K , is DFT matrix for K parameters, and [·]a,b represents (a, b)-th component of
matrix ·.
2.3 The GFDM waveform
One GFDM symbol block consists of M GFDM subsymbols in the time-domain as shown in gure
3. Each GFDM subsymbol contains K subcarriers in the frequency-domain, and is distinguished
by multiplication of circularly shifting time-domain GFDM waveform function.
1In asynchronous multiple-access, the name, SC-FDMA signal, is contradict since the SC-FDMA is a multiple-
access scheme with synchronized transmission for every users. However, the modulating method and corresponding
signals employing DFT spreading before OFDM still has to be dierentiated from the OFDM although the multiple-
access scheme is not SC-FDMA. Therefore, when the term SC-FDMA signal is used, the actual meaning, hereafter,
is not the multiplexing of the multiple signals on the SC-FDMA scheme, but the signal that employs QAM mapping
by OFDM after DFT spreading. The term SC-FDMA signal is also used in the 3GPP specications by this sense,
particularly in [5, 7].
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where F−1(O(f)) means the inverse Fourier transform (IFT) of a function O(f) in the frequency-
domain, Vfilt(f) is the spectrum lter such as raised cosine(RC), root raised cosine, 1st Xia, and
4th Xia functions [31, 25]. It is notable that maximum 2M frequency points are non-zero depending
on the roll-o factor of the lters in (4) [25]. If the function v(t) moves along time-domain, the
frequency-domain representation, which is the terms inside the IFT function, shows phase shifting
from the original frequency representation of v(t). On the simulation in this thesis, the RC lter is













where, linα(x) = min[1,max{0, (1− α)/2α− |x| /α}] [25, 31, 28].
As a result, shape of one GFDM signal is shaped as the concatenation of M -OFDM data parts
multiplied by M distinguishable GFDM waveform functions with the length of GFDM data part is
equivalent to MTfft. The total time duration Tb, thus, is calculated as Tb = MTfft +TCP +Tw for
one GFDM symbol block as depicted in gure 3.
In consequence, the GFDM pulse shape to convey the l-th QAM symbol on k-th subcarrier and
















where k ∈ K(u), and m ∈ {0, 1, · · · , M}. Let d(u)l,k,m denotes the unit-power QAM symbol of the
l-th symbol block, k-th subcarrier, and m-th GFDM subsymbol of user u. The GFDM signal for













The vector of QAM symbols in l-th symbol block of user u for GFDM is dened as
d
(u)
l = [ d
(u)
l,kmin,0










The notation of the vectors of QAM symbols for OFDM/SC-FDMA and GFDM can be unied to
be d(u)l in 8 given that the number of GFDM subsymbol, M , is set to be 1 for OFDM/SC-FDMA
signals. Hereafter, unied denotation of d(u)l is used for convenience.
One of two window functions is multiplied on (1), (3), and (6): Either CP-window or ERC-
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Table 1: Window functions
Window Time-domain Frequency-domain


































window. A CP-added signal, on one hand, can be designed by insertion of some last part of the
signal in front of the signal. On the other hand, the CP-added signal can be obtained by truncation
of the innitely spanning periodic signal assumed in the front of the Section 2.2. In the latter
case, the truncation is operated by multiplication of rectangular-shaped function. This rectangular
function, Rect(·) is dened as
Rect(x) =

1, x ∈ (−0.5, 0.5)
0.5, x = −0.5 or 0.5
0, otherwise.
(9)
of which the length of support, Tdata, is equivalent to Tfft+TCP for OFDM/SC-FDMA andMTfft+
TCP for GFDM.
The ERC-window has been invented to reduce the OOBE. Instead of using CP-window, the
use of ERC-window enables to show lower OOBE, particularly where many guard subcarriers are
inserted between the transmitting sub-band and receiving sub-band as shown in gure 4. The
window functions are dened in table 1. In the table 1, the point of the center of the block
∆T = (Tdata − 2TCP )/2. The OOBE is covered by the next subsection.
2.4 Out-of-band emission analysis
Assuming a signal is being transmitted via band i, the bandwidth outside, but adjacent to, the
band i has the spectrum emitted by the transmission via the band i. In the case of multiple-access
with synchronization, such as OFDMA and SC-FDMA, the OOBE is nullied at the subcarriers
on which QAM symbols are transmitted. However in asynchronous multiple-access, the OOBE
of transmission in one band does aects on subcarriers in the other bands, thus the neighboring
channels are degenerated by the interference as described in gure 5 [19, 18, 20, 22].
OOBE of a signal can be given with derivation of power spectral density(PSD) of the signal. PSD
of random process X(t) is, in words, the mean throughout the innite time span of expectation of
square of frequency representation of the random process X(t), or, more intuitively, the expectation
of time average of spectral power. As an equation, PSD of time-domain signal, X(t), is derived as
10
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Figure 4: Out-of-band emission of OFDM/SC-FDMA and GFDM..
Figure 5: Inter-user interference by out-of-band emission in asynchronous multiple-access. Power

































for the arbitrary set of subcarriers indicated by k. The power spectral density of the SC-FDMA
signal is the same with that of OFDM.































The comparison between OOBE of OFDM/SC-FDMA and GFDM signals are drawn in gure
4. It is observed the OOBE performance is enhanced as the number of subsymbol increases, and
when the ERC-window is used.
3 Simulation with AWGN channel.
In this section, sum-rate of the asynchronous uplink multiple-access scheme is numerically analyzed
with two dierent waveforms: GFDM signal and SC-FDMA signal.
3.1 System Model
It is assumed that NU users are equally allocated with a sub-band consisting of K consecutive
subcarriers out of the total subcarriers, KT . Between two neighboring sub-bands, a guard band is
inserted as depicted in gure 5. Hence, the total number of guard bands is NU − 1.
The block diagram of SC-FDMA and GFDM signal transceiver model is drawn in gure 7. Since

















Figure 7: Block diagram of SC-FDMA/GFDM modulation transceiver in asynchronous multiple-
access in AWGN channel.
distributed(i.i.d.) QAM symbols, the calculation of throughput on these blocks can be replaced by
the calculation of throughput on multiple trial of the generation of the 0-th symbol block. Therefore,
the symbol block index alone time-domain, l, in this section, is dropped. The the vector of QAM
symbols for user u can be represented as





















similar to (8). The vector of the QAM symbols for SC-FDMA signals is given by DFT-spread on
d(u), i.e., [d(u)SC ]k,1 = [DKd
(u)]k,1 where k ∈ K(u) [26, 27].
A user only conveys symbols corresponding to k ∈ K(u), but the rest symbols in the whole
bandwidth out of the selected subcarriers are allocated to the other users. In other words, zero
symbols have to be transmitted in the non-selected bands on the modulation, i.e.,
[d̃(u)]i+kmin,1 =
[d(u)]i,1, if i+ k
(u)
min ∈ K(u) for i = 0, 1, · · · , K − 1
0, otherwise.
(14)
For SC-FDMA signal the vector of the zero-padded QAM symbols can be given by substitution of
d(u) by d(u)SC in (14).
The discrete-time transmit signal from user u to the BS, x(u) ∈ CKTM×1, is generated by
multiplication between the modulation matrix throughout the whole bandwidth, Ã ∈ CKTM×KTM ,
and d̃(u), i.e.,
x(u) = Ãd̃(u). (15)
Although x(u) contains symbols in K subcarriers among KT subcarriers in the whole bandwidth,
KTM sampling points are required on rows of A to avoid aliasing. In the case of SC-FDMA
modulations, M = 1, and the Ã is replaced by inverse DFT matrix given as DHKT .
The GFDM modulation matrix is given by sampling of the GFDM pulse shape in (6) [25, 15, 29].
The i-th column of Ã is scalar-multiplied by the i-th symbol in d̃(u) yielding discrete time signal
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where i = mKT + k + 1, k ∈ K(u) = {0, 1, · · · , KT − 1}, m ∈ {0, 1, · · · , M − 1}, and n indicates
the discrete time point with sampling period Ts. The sampling period is given by
Tfft
K both in
SC-FDMA and GFDM signals.
With the AWGN channel assumption, the received signal y(u) from user u, before the consider-
ation of the inter-user interference, is obtained as
y(u) = x(u) + n(u), (17)
where n(u) is the vector of AWGN on user u with variance σ20.
In this section, the received signal does not contain the inter-user interference by OOBE of
other users. The KM -dimensional vector of inter-user interference on user u, I(u)symb in gure 7,
is considered after demodulation of the received signal from user u with an assumption that the
interference term is following the normal distribution.
3.2 Interference calculation
The (k + 1)-th element of I(u)symb represents the sum of interference on the k-th subcarrier of user u
received due to the OOBE from the transmission in adjacent sub-bands, where k ∈ {0, 1, · · · , K −
1}. It is assumed that I(u)symb is independent normal random variable with variance σ
2(u,k)
I . The
variable ρ(u,k) is calculated by adding out-of-band PSD values at the subcarrier k from the adjacent
sub-bands. Since the dominant sources of the inter-user interference are neighboring two bands as





































where, K(u)G is the number of guard subcarriers between u-th and (u + 1)-th sub-bands. The PSD
function in (18) represents either PSD function of OFDM/SC-FDMA signal in (11) or that of GFDM
signal in (12).
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Table 2: Parameters of simulation on AWGN
Item Value
One OFDM data duration (Tfft) 66.7µs
Cyclic prex length (TCP ) 4.7µs
Additional time for ERC-window (Tw) 4.7µs




From the sum-rate result for the SC-FDMA with minimum mean-square error(MMSE) receiver [27],




































where i = mK + k + 1, k ∈ {0, 1, · · · , K}, and m ∈ {0, 1, · · · , M}.
3.4 Numerical results
The system parameters considered in the simulations are summarized in table 2. In addition, the









where bac means the largest integer which is smaller or equal to a.
Figure 8a shows the sum-rates versus signal-to-noise ratio for K = 12, KG = 2, and NU = 6.
It is observed that in the high SNR regime, where the inter-user interference due to non-zero OOB
emission is dominant to noise, the family of GFDM modulation exhibit higher sum-rates than
SC-FDMA modulation. The ERC-windowing in table 1 provides signicant sum-rate gain for both
SC-FDMA and GFDM signals. AsM increases in GFDM, the sum-rate increases due to the reduced
portion of CP duration and reduced OOBE.
Figure 8b shows the same results as in gure 4 (a), but is enlarged for the practical SNR range




Figure 8: Sum-rates vs. signal-to-noise ratio(SNR) with 12 subcarriers, 2 guard subcarriers, and 6
users for SNR intervals: (a) 0dB to 70dB and (b) 0dB to 18dB.
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Figure 9: Sum-rates vs. number of subcarriers with 12dB of signal-to-noise ratio and 12 users.
is dominant, SC-FDMA signals show the better sum-rates. However, beyond 12dB of SNR, the
GFDM modulation shows better sum-rates than the SC-FDMA modulation due to reduced OOBE.
Figure 9 shows the sum-rates vs. K where SNR=12dB and NU = 12. For small K values, the
number of guard subcarriers is large, and thus there exist enough space in the frequency domain to
avoid OOBE from neighboring sub-bands which is more advantageous to the SC-FDMA modulation.
However, as K increases, where frequency spectrum utilization eciency become highers, the number
of guard band subcarriers becomes smaller, hence GFDM exhibits higher sum-rates.
4 Simulation with frequency selective channel.
There exist several dierences on the simulation in this section compared to the the simulation with
AWGN channel in the previous section.
1. The channel between the transmitter and receiver is frequency selective. The interfering
channel from the unwanted user to the receiver is also frequency selective.
2. The spectral eciency is calculated on a user û while the other users are all considered as the
sources of interferences. In other words, for one trial of signal and interference generation, the



































Figure 10: (a)The block diagram of transceiver in frequency selective channel. (b)The block diagram
on inter-user interference generation.
3. Continuous signal of SC-FDMA and GFDM in (3), (7) are used to generate interference.
4. The discrete-time SC-FDMA and GFDM demodulator employs K samples instead of KT
samples to obtain estimate. For removing the aliasing among the bands, the ideal band pass
lter is assumed with the relatively low K samples.
5. The demodulation scheme of SC-FDMA signals is zero-forcing as the closed form of the cor-
relation is not derived.
4.1 System Model
The transceiver design of GFDM or SC-FDMA in frequency selective channel is drawn in gure
10a. Note that the notation indicating user, u, disappeared as the spectral eciency is calculated
on a symbol block of a specic user, namely, user û.
y = Hx + n + I, (22)
where H is the (KM ×KM)-dimensional discrete-time circulant equivalent channel on the desired
signal from user û to the reciever, and I ∈ CKM×1 is the inter-user interference signal on decoding
the signal from user û [28]. The variable I is formed by the signals from all users except û as
described in gure 10b. In the gure 10b, each interfering signal ŝ(u) by user u passes through
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the interference channel, h(u)(t), and the bandpass lter for user û, f(t), as described in gure 10b
[20, 22]. The sum of the continuous inter user interference after the channel and bandpass lter is




ŝ(u)(t) ∗ h(u)(t) ∗ f(t). (23)
The interfering signal, ŝ(u), is designed as the consecutive SC-FDMA or GFDM signals given in






l,GFDM (t− lTb) for GFDM signal∑L
l=−L s
(u)
l,SC−FDMA(t− lTb) for SC-FDMA signal
(24)
Here, instant signal at the time-point t′, ŝ(u)(t′), can produce interference on the receiving window
having duration [t′1, t
′
2] even though t
′ /∈ [t′1, t′2] due to the time-domain spreading by convolution
operation with the channel function and the bandpass lter. Therefore, the value of L has to be set
with consideration aforementioned. In the simulation, this value is set such that the value of the
generation of the signal by convolution is less than 180 of the signal near the receiving window.
The time-domain representation of ideal bandpass lter, f(t), is designed to capture user û's













where the modulation matrix A for user û in gure (10b) is allocated with subcarrier sets k ∈
K(û) = {0, 1, · · · , K − 1}.












where τ (u)i and a
(u)
i are the time delay of the i-th tap of the channel and corresponding fading
coecient, respectively.
The vector I, then, can be obtained by sampling the continuous-time interference signal with
the sampling period of Ts within the detecting window synchronized for l = 0 as Θ(û) = 0 at user
û;
I = [ I(0 · Ts) I(1 · Ts) · · · I((KM − 1)Ts) ]T . (27)
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4.2 Spectral eciency calculation
The received signal y is demodulated by the zero-forcing (ZF) equalizer. Specically, from (22), the
equalized signal is given by
d̂ = d + (AH)−1(I + z). (28)











where ν is the portion of guard subcarriers in the system which is dened as ν = KG/(K +KG).

















Numerical simulations were evaluated to investigate the spectral eciency of GFDM modulation
and SC-FDMA modulation in asynchronous multiple-access with respect to i) SNR and ii) ν. The
spectral eciency is evaluated with multiple signal congurations: CP-window SC-FDMA(CP-SC-
FDMA), CP-window GFDM with M = 3(CP-GFDM M = 3), CP-window GFDM with M =
5(CP-GFDM M = 5), ERC-window SC-FDMA(ERC-SC-FDMA), ERC-window GFDM with M =
3(ERC-GFDM M = 3) and ERC-window GFDM with M = 5(ERC-GFDM M = 5).
It is assumed that the users are allocated K subcarriers, and that KG guard subcarriers exist
between any neighboring two users' spectra to suppress the interference by OOBE. In the user û's
point of view, the major sources of interference are user û − 1 and û + 1, hence only these two
interfering users are taken into account to model the interference signal. The parameters used in
the simulations are summarized in table 3.
All the asynchronous multiple-access schemes considered show increasing spectral eciency for
increasing SNR as shown in gures 11a and 11b, where the number of guard subcarriers is xed as
KG = 1 and KG = 6, respectively.
On the low SNR interval of SNR < 4dB where KG = 1 in gure 11a, SC-FDMA modulation
performs the best, followed by GFDM modulation withM = 3 and GFDM modulation withM = 5.
The GFDM ZF demodulator with a larger M value particularly suers from noise enhancement,
and hence the spectral eciency is relatively low in the noise-dominant low SNR regime.
As SNR increases, however, GFDM modulation with M = 3 outstrips SC-FDMA modulation
roughly at SNR = 4dB, since the inter-user interference becomes dominating noise over AWGN. In
20













































































Figure 11: The spectral eciency vs. signal-to-noise ratio(SNR) with (a) 1 guard subcarriers, and
(b) 6 guard subcarriers.
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Table 3: Parameters of simulation on frequency selective channel
Parameters Value
Number of Monte Carlo trials 5000
Time duration for a GFDM subsymbol (Tfft) 66.7µs
Time duration for CP (TCP ) 4.7µs
Time extension by windowing (Tw) 4.7µs for windowed
0s for non-windowed
Subcarrier spacing (1/Tfft) 15kHz
Number of interfering users 2 (nearest bands)
Number of subcarriers per user (K) 10
GFDM spectrum lter (Vfilt(f)) Raised cosine, α = 0.5
Windowing function (w(t)) Expanded raised cosine
Time oset of the blocks of user u (Θ(u)) Uniform distribution [0, Tb)
QAM modulation BPSK
Number of paths of the frequency selective channel 6
Time delay of the i-th channel tab from user u (τ (u)i ) Uniform distribution[0, 1.8µs)
Amplitude of the i-th channel tab corresponding to
from user u (a(u)i )
R/
√
6where R is the unit
Rayleigh random.
the high SNR regime, interference dominates the where the GFDM modulation schemes signicantly
outperform the SC-FDMA modulation owing to lower OOBE, as seen from gure 4. In addition,
for the same reason, the windowed schemes show higher performance than the non-windowed, and
GFDM modulation with M = 5 outperforms GFDM modualtion with M = 3 in the high SNR
regime.
In the case of KG = 6, seen in gure 11b, the overall trends remain the same as in the KG = 1
case. However, the spectral eciency is decreased for all the schemes compared to gure 11a due
to low usage of subcarriers, i.e., high ν. In addition, reversal of superiority between GFDM and
SC-FDMA modulations take place at higher SNR regime than in gure 11a as a result of reduced
OOBE in SC-FDMA modulation.
With increasing ν, inter-user interference become more mitigated. However, the frequency usage
eciency, 1− ν, decreases. Hence, the overall frequency eciency in (29), (30) cannot be expected
to monotonically change with respect to ν.
The spectral eciency with respect to ν where SNR = 20dB is drawn in Fig 12. Spectral
eciency decreases as ν increases, except the increment from ν = 0% to ν ≈ 9.1% in all schemes.
The rst increment is resulted from signicant decrement of interference, while overall spectral
eciency diminishes owing to decreasing frequency usage, 1− ν in (29), (30).
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Figure 12: The spectral eciency vs. proportion of guard subcarriers where signal to noise ratio is
20dB
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Figure 13: Macro cells and node dropping
5 System-Level Simulation
In this section, the spectral eciency of the OFDM and GFDM modulation methods are compared
by the numerical analysis in asynchronous uplink multiple-access by SLS. In particular, the small cell
scenario in [3], which is one of the prominent technologies to enhance the throughput, is considered.
SLS complies with 3GPP LTE standard Rel. 12 [4, 3, 5, 8] for the reference of small cell scenario,
time parameters, and channel generation.
5.1 System model
5.1.1 BS & UE Dropping
Macro cell sectioning, small-cell base stations (BS) and randomly dropped users are illustrated in
gure 13 following the parameters in table 4 [3]. Two tiers of macro interfering cells enclose macro
cell 1, thus the uplink transmission to the BSs in the macro cell 1 are aected by the interference
not only from users in the the macro cell 1, but also from the UEs in the other macro cells. On each
macro cell, NCl clusters are dropped. Each cluster contains NSC/NCl small-cell BSs and NU/NCl
UEs where NSC and NU are multiples of NCl and represent the number of small cell BSs per macro










Figure 14: Block diagram of GFDM tranceiver for system-level simulation.
5.1.2 Transceiver Structure & Channel Generation
The GFDM and OFDM modulation matrix Ã ∈ CKTM×KTM is dened in the Section 3.1. In
addition, the OFDM modulator can be represented by DKT with M = 1. In the transceiver
structure drawn in gure 14, the source of the desired signal to BS b̂ is represented by UE û. Thus,
the signals from the UE u, 6= û, transmitted to the BE b̂ is aected as interference in the time
synchronization condition is bad as explained in the Section 5.3.
The circulant equivalent channel from a source UE u,∈ U={1, 2, · · · , NU}, to destination BS
b,∈ B = {1, 2, · · · , NSC}, in gure 14 is dened as H(u,b). The continuous-time small fading channel
with six clusters of beam is designed following [4], and the path-loss and shadowing is designed
in accordance with [3]. The continuous-time channel is, then, converted to the discrete channel to
form H(u,b).
Frequency representation of H(u,b) provides us channel gain per subcarrier. Dividing total sub-
carriers into NRB resource blocks each of which is composed with neighboring subcarriers, channel
gain at the resource block(RB) r (∈ R = {1, 2, · · · , NRB}) of the channel from UE u to BS b is
dened as C(u,b)r .
5.2 Uplink Resource Allocation
Depending on resource allocation scheme, distribution of signal to interference plus noise ratio
(SINR) among allocated channels signicantly varies. In this simulation, two resource allocation
schemes, Max SNR per small cell and Max updating SINR, are compared.
Each BS contains NRB slots of RB, and each RB slot in a BS is able to accommodate one
channel. Hence, once an RB slot in a BS is allocated to a UE, the RB cannot be allocated to
another UE. Let's call this rule single reception in the sequel. On the other hand, UE can link with
only one BS, and this constraint is called single association.
5.2.1 Max SNR per small cell
In this user resource allocation scheme, association of UE to BS and assignment of RB within a
BS are operated in separated stages. First, each UE associates to a small cell BS b which promises
for the UE to have maximum throughput throughout all RBs in the BS b, calculated directly from
C
(u,b)
r . Note this nominal throughput is dierent from the actual throughput in that it does not
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Algorithm 1 Max updating SINR
Require: δ: minimum value of allocatable SINR, U, B, and R: The sets of indices of UE, BS, and
RB.
(Init) L← ∅: Set of allocated channel
SI
(u,b)
r ← S(u,b)r ∀u ∈ U, b ∈ B, r ∈ R
1: while not all SI(u,b)r is zero do




















∀u ∈ U, b ∈ B
4: SI(u,b̄)r ← 0∀r ∈ R, u ∈ U\{ū} single association rule
5: SI(ū,b)r ← 0∀r ∈ R, b ∈ B\{b̄} single reception rule
6: SI(ū,b̄)r̄ ← 0 excluding not to be selected again
7: for u ∈ U, b ∈ B r ∈ R
8: if SI(u,b)r < δ then
9: SI(u,b)r ← 0
10: end if
11: end for
12:L← L ∪ {(ū, b̄, r̄)}
13:end while
Return L
consider interference. RBs at the BS b are allocated to the UEs associated with the BS b by round
robin scheduling. If there does not exist UE associated with a BS, the RBs in the BS are allocated
to nowhere, that is, the BS becomes inactive.
5.2.2 Max updating SINR
Exploiting SINR information for all resource allocation cases, we can achieve optimal spectral ef-
ciency. However this method is impossible in practical due to complexity. Hence we suggest a
practical algorithm having complexity while it still is able to exploit SINR information.
The max updating SINR algorithm is described in Algorithm 1. In this algorithm, one RB of
all BSs is assigned to a UE at one round, and the operation is conducted repeatedly while SINR
is updated for each round until there exist allocable RBs. Let S(u,b)r be the SNR value for possible
link from UE u to BS b via RB r. Similarly, SI(u,b)r , which represents SINR value for possible link
from UE u to BS b via RB r, is derived by SNR considering noise term as the sum of AWGN and all
interference generated from sources that have been already allocated. The set of allocated channels,
L, is composed with triples (u, b, r) and is given by Algorithm 1.
5.3 Interference Modeling
Throughout the resource allocation, UEs' uplink channels are determined as L. Let the indices
û(∈ U) and u(∈ U\{û}) indicate, hereafter, a UE for throughput calculation and its interferer
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respectively. The signal-to-interference-plus-noise ratio(SINR) of the desired signal comes from UE
û considering UE u's signal as a source of interference.
Matrix Â(u) ∈ CNT×KM denotes CP-attached resource-block-selective GFDM modulation ma-
trix for UE u, where NT represents the number of discrete-time domain samples in a symbol block
including CP. The matrix Â(u) is constructed by attaching CP in front of the rst row of Ã, then
embedding zero elements in the columns which correspond to symbols unoccupied by UE u. This
zero-padding method is dierence to the zero-padding in the 3.1 in that the zeros are inserted to
the columns of non-used symbols, not to the symbols them selves.
Two consecutive CP-attached interfering discrete-time transmit signals from UE u are denoted
by a (2NT × 1)-dimensional vector













where A′(u) = J2 ⊗ Â(u) and d′(u) = [d(u)T0 d
(u)T
1 ]
T. Here, Ja represents a by a identity matrix,
⊗ represents Kronecker product, and XH represents and Hermitian matrix of X. An important
observation in (31) is that the asynchronously transmitted interfering signal is represented by the
signal which is generated by modulation of a vector of QAM symbol vector, d′(u). Since the QAM
symbols are assumed to be i.i.d., the closed form of the expected power of any linear transform of
the signals is able to be calculated as follows.
The interference signal generated by UE u to BS b̂ is transmitted via interference channel from
u to b̂, H(u,b̂). In asynchronous multiple-access, detection of signal from dierent UEs requires
dierent synchronization of detection windows. Let Θ(u)û (∈ [1, NT ]) denote the starting position of
detection window for UE û within discrete-time sample points of the received interference signal,













represents a by b matrix in which elements are all zeros. Note that i(u,b̂)û includes cases whether BS
b̂ is the destination of UE u or not. In other words, inter-carrier interference and inter-small-cell
interference are both represented by i(u,b̂)û , hence let's call it inner-macro cell interference.















(u,b̂)A′(u). Power of total inner-macro-cell interference at each
symbol detection (i.e, at specic subcarrier and subsymbol) after zero-forcing for UE û is derived
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Another interference injected to a receiver is inter-macro-cell interference, coming from other cells'
uplink transmission as seen in Fig. 13. As there exist a large number of interfering signals coming
from outside of the macro cell, and they have small power, let they be designed by Gaussian
random variable multiplied by pathloss of the channel assuming ergodicity. The vector of total
interference power on detection of signals û combining powers of inter-macro-cell and inner-macro-
cell interference is denoted by P(û)sum.
5.4 Spectral Eciency Calculation




















where Ts is total time duration of a symbol, B is bandwidth of the multiple-access system, J (û)(⊂
{1, 2, · · · , N}) is set of indices for symbols allocated to UE û, and N0 represents variance of AWGN.
In GFDM case, J (û) is a set of all function values corresponding to couple (m,k) which conveys
symbols of UE û. Note that domain of k is determined by resource allocation.
5.5 Simulation Results
The simulation evaluated spectral eciency of GFDM and OFDM using two resource allocation
algorithms varying NUE from 20 to 80 with increment 10. Simulation arameters are listed in Table
4.
The result in Fig. 15 shows GFDM outperforms OFDM throughout all user density on both
resource allocation schemes. We infer lower OOBE of GFDM than that of OFDM reduces ICI,
which enhances the spectral eciency.
Comparing two resource allocation schemes, max SNR per small cell shows better performance
on low user density regime where number of UE is less than 40, whereas max updating SINR shows
higher performance with a large number of UEs more than 50. In max SNR per small cell scheme, as
more packed interfering UE by increasingNU , ignorance of interference impacts marginal declination
of the spectral eciency. On the other hand, max updating SINR has advantage as NU increases
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Table 4: Parameters of system-level simulation
Parameter Value
# (the number of) trials 100
Spatial channel SISO
Parameters on node dropping [3]
# clusters, NCl 2
# small cell BS per cluster, NSC 4
Rough # UE, NUE
Variable: 20~80
(increment by 10)
Activation of macrocell BS No
Parameters on GFDM modulation [2, 8, 28, 25]
Bandwidth 2.5 MHz
Sampling frequency 3.84 MHz
# occupied subcarriers 144
# resource blocks (RB) 12
# subcarriers per RB 12
# guard subcarrier per RB 1
# sampling points per GFDM subsymbol K 256
# GFDM subsymbols, M 3
Time duration CP Length 4.7µs (short CP)
Time duration for a GFDM subsymbol 66.7µs
Total time duration for a GFDM symbol, Ts 204.8 µs
Samples of a GFDM symbol including CP, NT 780
Transmit power of UE, Pt 23 dBm
Noise variance, N0 -109 dBm
Table 5: Gain of GFDM depending on resource allocation schemes.
Number of UEs 20 30 40 50 60 70 80
max SNR 4.7 4.1 4.2 4.9 4.4 4.0 4.2
max updating SINR 8.4 8.7 9.5 9.9 10.0 10.3 10.8
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Figure 15: Spectral eciency of GFDM and OFDM using two resource allocation scheme.
since the number of inactive RBs, which is rejected to be linked by lower SINR than threshold δ,
decreases due to good channel conditions.
Table. 5 shows percent gain of spectral eciency using GFDM than using OFDM as NU in-
creases. GFDM has small OOBE, which means small ICI, hence have advantageous where inuence
of interference is signicant i.e., where NU is large.
6 Conclusion
In this thesis, the throughput performance of the GFDM and conventional modulation methods,
such as SC-FDMA and OFDM, are compared in the asynchronous uplink multiple-access environ-
ment. The results of LLS conducted with AWGN and frequency selective channel show that GFDM
outperforms SC-FDMA modulation in the high-SNR regime as GFDM has lower OOBE than SC-
FDMA. On the other hand, it is observe that GFDM has lower throughput in the the low-SNR
regime due to the noise enhancement using zero-forcing demodulation. In addition, the plot of
throughput versus the number of guard subcarriers is non-monotonic as the increment of guard
subcarrier has both eects: lowering inter-user interference, and lowering spectrum usage rate.
The SLS on asynchronous uplink multiple-access in small cell scenario shows 4% to 10% gain
of GFDM compared to OFDM depending on the uplink resource allocation scheme. This result
corresponds to the observations of the LLS; GFDM shows better performance due to the high SNR
30
guaranteed by small cell.
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